ABSTRACT: Legg-Calve-Perthes disease (LCPD) is a childhood form of ischemic osteonecrosis marked by development of severe femoral head deformity and premature osteoarthritis. The pathogenesis of femoral head deformity has been studied extensively using a piglet model of ischemic osteonecrosis, however, accompanying acetabular changes have not been investigated. The purpose of this study was to determine if acetabular changes accompany femoral head deformity in a well-established piglet model of LCPD and to define the acetabular changes using three dimensional computed tomography (3-D CT) and modeling. Twenty-four piglets were surgically induced with ischemic osteonecrosis on the right side. The contralateral hip was used as control. At 8 weeks postoperative, pelvi were retrieved and imaged with CT. Custom software was used to measure acetabular morphologic parameters on 3-D CT images. Moderate to severe femoral head deformities were present in all animals. Acetabula with accompanying femoral head deformity had a significant decrease in acetabular version and tilt (p < 0.001) and in coverage angle in the superior, posterior, and inferior quadrants (p < 0.05). These findings indicate that the development of femoral head deformity following ischemic osteonecrosis produces specific and predictable changes to the shape of the acetabulum. Acetabular changes described in patients with LCPD were observed in the piglet model. This model may serve as a valuable tool to elucidate the relationship between femoral head and acetabular deformities.
Juvenile idiopathic ischemic osteonecrosis of the femoral head, known as Legg-Calve-Perthes disease (LCPD), is a disabling childhood hip disorder that can lead to severe femoral head deformity and early hip osteoarthritis. 1 Much of the research on this topic has been focused on the changes to the femoral head, 2 however, there are also changes that occur which affect the morphology of the acetabulum. Clinical studies examining radiographic changes to the acetabulum have shown articular hypertrophy in the superior and medial aspects of the acetabulum, upward sloping of the lateral margin of the acetabulum, as well as premature fusion of the triradiate cartilage. [3] [4] [5] Subsequent studies have shown that patient's with LCPD were more likely to have acetabular retroversion, 6 and be associated with anterolateral labrum and cartilage damage. 7, 8 The pathogenesis of femoral head deformity following ischemic osteonecrosis has been studied extensively using the piglet model. [9] [10] Accompanying morphological changes to the acetabulum have also been investigated using the same animal model. 11 While three-dimensional computed tomography has been used to analyze the morphology of acetabula in patients with developmental dysplasia of the hip, 12, 13 this technique has not been utilized previously to study the morphologic acetabular changes that are associated with femoral head osteonecrosis. The purpose of this study was to determine if acetabular changes accompany femoral head deformity in a well-established piglet model of LCPD and to define the acetabular changes using 3-D CT and modeling. Based on previous clinical observations, we hypothesized that the femoral head deformity due to ischemic osteonecrosis would produce acetabular retroversion and decreased global acetabular coverage.
MATERIALS AND METHODS
Twenty-four male Yorkshire/Duroc cross pigs between the ages of 5-9 weeks old (6.9 AE 1.5 weeks), weighing a mean of 10.0 AE 2.1 kg (7.3-15.0 kg range), were acquired (K Bar Livestock, LLC, Sabinal, TX) and used for this IACUC supervised study. The piglets were maintained under environmental controls consistent with the Guide for the Care and Use of Laboratory Animals.
14 Briefly, piglets were housed in pairs in a 1.76 m 2 cage, allowed to acclimate for 6 days prior initiating the study, fed twice a day with 5080 Laboratory Mini Pig Starter kit (LabDiet, St. Louis, MO), and allowed free access to water throughout the course of the study.
Each animal had ischemic osteonecrosis of the right femoral head induced using an established protocol. 15 Briefly, the surgical induction of ischemic osteonecrosis involves placing #1 Vicryl suture (Ethicon Inc., Somerville, NJ) ligature around the femoral neck and transecting the ligamentum teres to disrupt the blood flow to the proximal femoral epiphysis. These procedures are performed through a lateral surgical approach in the interval of short hip abductors, not transmuscular, and then a lateral capsulotomy is performed without damaging or excising the labrum. The femoral head is subluxated, not dislocated, by applying traction during the transection of the ligamentum teres. The contralateral hip was used as an internal control. Analgesia was provided pre-operatively with carprofen (4 mg/kg/oral). Animals were anesthetized with Telazol (4 mg/kg/intramuscular), and atropine (0.04 mg/kg/intramuscular) was administered to decrease saliva production prior to intubation. The animals were intubated and maintained on isoflurane. Cefazolin (35 mg/kg/ intravenous) was administered prior to surgery and penicillin G procaine (30,000 U/lb/intramuscular) was administered immediately post-operative and for the subsequent three days. Analgesia was provided post-operatively with carprofen (4 mg/kg/oral) and buprenorphine SR (0.3 mg/kg/intramuscular) for 3 days. Following surgical induction of ischemia, the pigs were allowed to weight bear as tolerated. The pigs were sacrificed at 8 weeks postoperative (14.9 AE 1.5, range of 13-17, weeks of age) with pentobarbital sodium (90 mg/kg/intravenously) when a moderate to severe femoral had deformity is expected in this model. The femurs and pelvises were harvested bilaterally and AP radiographs were performed. Epiphyseal quotient (EQ), a ratio of maximal femoral head height to its diameter on AP radiograph, was used to quantify the degree of femoral head deformity (Fig. 1) . 16 
3-D Imaging and Analysis
Femurs were removed and each isolated pelvis had CT imaging (Philips Brilliance, 64 slice, Foster City, CA) at 0.67 mm transverse slice thickness. 3-D reconstructions of each pelvis were created from CT Dicom images using MIMICS (Materialise NV, Leuven, Belgium) software. From these reconstructions, custom MATLAB (Mathworks, Natick, MA) software was used to reorient each pelvis into a standard anatomical position as previously described 12 to account for pelvic tilt and rotation. Custom MATLAB software was then used to identify acetabulum surfaces on the pelvic models as done by Peterson et al. 12 to measure version, tilt, acetabular lunate surface area, cotyloid fossa area, total area (lunate plus cotyloid fossa surface areas) and acetabular radius by fitting each acetabulum with a sphere using least-squares regression (Fig. 2) . Acetabular direction vectors were calculated by integrating surface normal vectors of each acetabulum. Direction vectors were used to calculate acetabular version and acetabular tilt. Each acetabulum was then sectioned radially into eight regions to measure coverage angles (Fig. 3) . Coverage area was calculated using a formula defined by Peterson et al., and the difference between the right and left sides was calculated.
12

Statistical Method
Power Analysis was performed on a pilot group of five piglets. There was an average of 3.3˚, or 8%, decrease in acetabular tilt on the osteonecrosis side compared to the contralateral side. Retro power analysis (G Ã Power 3.1.7, Heinrich-HeineUniversity D€ usseldorf, D€ usseldorf, Germany) demonstrated for Power ¼ 0.8, at alpha error probability ¼ 0.05, the total sample size needed was 20. Statistical analysis was carried out with paired t-tests (SPSS version 12; SPSS, Chicago, IL) comparing the left, non-operated side (control) to the right, operated side. Statistical significance was set at p < 0.05.
RESULTS
All piglets recovered from the procedure without incident and were used in the analyses. Over 8 weeks of growth, the average weight increased by 107% (range 54-196%). Epiphyseal quotient for the nonoperated side averaged 0.50 AE 0.02 while the operated side averaged 0.34 AE 0.08 (p ¼ 0.027), indicating a moderate to severe femoral head deformity.
Acetabular Morphology
Assessment of acetabular morphology using 3-D reconstruction methods showed a significant decrease in the acetabular version (p < 0.001) and tilt (p < 0.001) of the affected side compared to the normal side ( Table 1 ). The area of the lunate surface of the acetabulum showed no significant difference between the side with femoral head osteonecrosis and the contralateral control. The total area as well as the acetabular radius showed no statistical significance between the side with induced femoral head necrosis and the control.
Coverage Angle
There was an overall decrease in the mean coverage angle of the acetabula of the hip with femoral head osteonecrosis in all eight regions measured. The inferior-posterior, posterior, superior-posterior, and superior quadrants were all significantly lower (p < 0.05) in the affected side compared to the nonoperated side (Fig. 4) .
DISCUSSION
Typical anatomic changes of the femoral head in LCPD have been well described clinically. Previous studies in the porcine model have demonstrated similar femoral head deformity with flattening, widening, and fragmentation with the central and lateral regions of the femoral head being more affected. 9, 15 Specifically, epiphyseal quotients reported for normal and osteonecrotic groups (to 0.50 and 0.34, respectively) are almost identical to values reported by Kim et al. using the same age piglets with induced osteonecrosis for the same duration (0.49 and 0.29). 10 The development of acetabular deformity in response to femoral head osteonecrosis, however, is poorly understood. The results of this study indicate that the development of femoral head deformity following ischemic osteonecrosis produces specific changes to the acetabular version and tilt with a decrease in coverage angle in the superior, posterior, and inferior quadrants. This is the first study to investigate and define the 3-D morphological changes to the acetabulum in a well-established model of ischemic osteonecrosis of the femoral head.
Our data show that acetabular morphologic changes accompany femoral head deformity in this porcine model of induced femoral head osteonecrosis. Primarily we identified a statistically significant decrease in posterior and superior coverage with an associated decrease in acetabular anteversion and tilt. These changes are consistent with what has been observed clinically in children with LCPD. 8, 10, 17 In 34 patients (50 hips) with LCPD, Ezoe identified acetabular retroversion by a positive cross over sign in 42% of the hips, and 68% of the hips with femoral head deformities ranging from ovoid to flattened shape (Stulberg radiographic outcome class III/IV/V). 18 Sankar and Flynn found acetabular retroversion on axial imaging of 44 patients (53 hips) with LCPD, but at skeletal maturity, 31% of these hips had cross over sign suggesting acetabular retroversion. 8 Larson et al. observed that acetabular retroversion, as evidenced by a positive prominence of the ischial spine sign, was present early in the disease process in 37 of the 41 skeletally immature hips. 6 These clinical studies suggest an associative relationship between LCPD and acetabular retroversion. Further, in a study of 107 hips with LCPD, 72 with unaffected contralateral hips, Kawahara et al. found 49.5% cross over sign in affected hips and 45.8% in unaffected hips suggesting that LCPD may change pelvic development and orientation. 7 The link between LCPD and acetabular retroversion may be secondary to the fact that the posterior 
ACETABULAR CHANGES FOLLOWING ISCHEMIC OSTEONECROSIS
aspects of the acetabulum ossify over a broader, and more delayed, time range than do the anterior aspects during adolescence. [19] [20] [21] The decrease in coverage angle in those quadrants, in addition to the decrease in acetabular anteversion observed in this study, is consistent with previous publications on patients affected by LCPD. 8, 22 It is interesting to note that we did not find a significant difference in the acetabular radius nor in the total area of the acetabulum, which differs from previous clinical studies of patients with LCPD. 5, 23 This may be secondary to differences in measurement, as those studies relied on an AP pelvis radiograph, where in this case the measurement was made using three-dimensional CT images.
Based on the findings of the study, we believe that the piglet model can be used as a tool to better understand acetabular changes that occur as a result of ischemic osteonecrosis of the femoral head. Furthermore the acetabular changes seen in this study resemble that of LCPD, and thus this model may provide insight on the mechanism(s) involved in the increased acetabular retroversion seen in the LCPD process. While the association between acetabular shape change and femoral head deformity in LCPD has been demonstrated both clinically and using animal models, the exact growth and cellular mechanisms involved in the adaptation process are not known. It would be important to define how femoral head deformity affects acetabular growth cartilage both in the deep layer of the articular cartilage of the acetabulum and also in the triradiate cartilage. A basic question that may be addressed through the model is how does the acetabulum adapt to the changes in the femoral head shape? One hypothesis is that acetabular adaptation is by stimulation and inhibition of acetabular growth at different regions of the acetabulum based on contact pressure or by some other bone remodeling mechanism. Another potential hypothesis is that inflammation within the joint due to femoral head necrosis affects the acetabular growth cartilage or the triradiate cartilage ossification. An animal model utilizing the 3-D assessment tools presented in the current investigation can be used to study these hypotheses in the future.
This study does have some limitations. An animal model does not perfectly reflect the disease process in a human, however, the size of the piglet femoral heads at the end of the study are similar to that of 5-year-old boys, 24 and the progression of the femoral head deformity in the piglet model of osteonecrosis resembles that of the child with LCPD. 9 Previous work evaluating acetabular development in this animal model uses piglets aged 6-8 weeks, and our range is very slightly wider. The pig development period of 5-9 weeks represents a relatively "stable" period where the sizes of the femoral head and the acetabulum are enlarging due to growth but no dramatic changes in the anatomy are occurring as skeletal maturity of pigs is not achieved until 6-8 months of age. It is also important to note that while 9 week olds pigs are larger than 5 week olds, the changes due to osteonecrosis are compared between contralateral normal sides in the same animal, so the scaling issue is addressed. Only one time point was studied. As an initial study, we selected the 8-week time point as the piglet model has been shown to produce a moderate to severe femoral head 9, 10 with associated acetabular deformity 11 at this time point. A longitudinal study at various stages of femoral deformity could also be used to investigate the acetabular changes within a piglet model of osteonecrosis. Another limitation is that the rim of the acetabulum in young piglets consists of cartilage, which may be better evaluated with MRI than CT. There were several considerations for use of MRI versus CT in this study. First, MRI is much more expensive, time consuming, and difficult to access for animal studies than CT. Second, for defining the bone anatomy, some investigators prefer CT versus MRI. Third, the 3D image analysis technique is readily available for CT and we have extensive experience 
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UPASANI ET AL. using this technique. Thus, our assessment was limited to evaluating the bony and subchondral surfaces of the acetabulum.
In conclusion, development of femoral head deformity following ischemic osteonecrosis produces specific changes to the acetabular version and tilt with a decrease in coverage angle in the superior, posterior, and inferior quadrants. The piglet model may serve as a valuable tool to elucidate the relationship between femoral head and acetabular deformities as acetabular changes described in patients with LCPD were observed in the piglet model.
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